Abstract Seasonal design floods which consider information on seasonal variation are very important for reservoir operation and management. The seasonal design flood method currently used in China is based on seasonal maximum (SM) samples and assumes that the seasonal design frequency is equal to the annual design frequency. Since the return period associated with annual maximum floods is taken as the standard in China, the current seasonal design flood cannot satisfy flood prevention standards. A new seasonal design flood method, which considers dates of flood occurrence and magnitudes of the peaks (runoff), was proposed and established based on copula function. The mixed von Mises distribution was selected as marginal distribution of flood occurrence dates. The Pearson Type III and exponential distributions were selected as the marginal distribution of flood magnitude for annual maximum flood series and peak-over-threshold samples, respectively. The proposed method was applied at the Geheyan Reservoir, China, and then compared with the currently used seasonal design flood methods. The case study results show that the proposed method can satisfy the flood prevention standard, and provide more information about the flood occurrence probabilities in each sub-season. The results of economic analysis show that the proposed design flood method can enhance the floodwater utilization rate and give economic benefits without lowering the annual flood protection standard.
INTRODUCTION
Flood frequency analysis is important in hydrology. The sizing of bridges, culverts and other facilities, the design capacities of levees, spillways and other control structures, and reservoir operation or management depend upon the estimated magnitude of various design flood values (ASCE, 1996) . Nowadays, the general methodology based on the univariate distribution is to derive the fitted distribution representing the probability of an annual maximum flood being exceeded (USWRC, 1981; MWR, 1993) .
Since the rain-producing systems vary with season, the river flood is usually characterized by seasonality. Seasonal fluctuations are significant sources of variability in runoff records. However, seasonality is often overlooked when evaluating flood risk and maximum annual values are used for defining extreme values. The value of, say, the 100-year flood does not inform whether this value is more likely to occur in one season than in another. The oversight of seasonality is also common to the peak-over-threshold method, even though this method is capable of obtaining more than one extreme value per year (Leonard et al., 2007) .
In reservoir operation, the water level of a reservoir should be kept below the flood control water level (FCWL) during the flood season, so as to offer adequate storage for flood prevention. The FCWL used currently in China, that plays a key role in flood prevention and floodwater utilization, is determined mainly according to design floods estimated from annual maximum flood series, while neglecting seasonal information. This results in over-dimensioning for flood prevention and waste of floodwater in most years. Therefore, the design flood guidelines in China stress the importance of classifying annual maximum floods caused by different generating mechanisms (MWR, 1993) . For floodwater utilization, it is very valuable to use seasonal flood information in flood frequency analysis, so as to operate the reservoir more effectively during flood seasons without increasing the flood risk. How reasonably and optimally to design seasonal floods that reflect seasonal variations poses a challenge to hydrologists and engineers nowadays, and is a very important and urgent issue in the management of reservoirs in China (Guo et al., 2004; Fang et al., 2007) .
The conventional flood frequency analysis methods are based on univariate distributions, mainly concentrated on the analysis of peak discharge or flood volume series. For seasonal design flood, statistical analysis of the flood occurrence dates is also very useful and important. Generally, the annual maximum flood occurs in the main flood season, and median or small floods occur at other times of year. The flood occurrence date is also a random variable and follows a particular distribution which is different from that of flood magnitude. Thus, the seasonal design flood method should consider both the dates of occurrence and magnitudes of flood events that may be described by a bivariate joint distribution.
In the past, some multivariate approaches have been introduced in hydrological and environmental applications. The most widely used joint cumulative distribution function (cdf) is the Gaussian one, but it has the limitation that the marginal distributions must be normal (Grimaldi & Serinaldi, 2006) . In addition, bivariate distributions with non-normal marginals have been proposed, but these approaches demand that all univariate marginal distributions must belong to the same family, and mathematical formulation becomes complicated when the number of variables is increased.
In order to overcome these shortcomings, copula functions that represent the most recent and promising mathematical tool for investigating multivariate problems, have been applied in hydrological analysis . The advantages in using copulas to model joint distributions are manifold: they give (a) flexibility in choosing arbitrary marginals and structure of dependence; (b) extension to more than two variables; and (c) separate analysis of marginal distribution and dependence structure Serinaldi et al., 2009) . For example, Favre et al. (2004) used 2-copula to describe the dependence between flow peak and volume; Shiau et al. (2006) analysed bivariate frequency of flood peak and volume; Zhang & Singh (2006) exploited Archimedean copulas to build bivariate distributions of flood peak and volume, flood peak and duration, and flood volume and duration; Grimaldi & Serinaldi (2006) built trivariate joint distribution of flood event variables using the fully nested or asymmetric Archimedean copula functions, and performed extensive simulations to highlight differences with the well-known symmetric Archimedean copulas; presented some advances in hydrological modelling that exploit copulas, such as the calculation of conditional probabilities and return periods of bivariate events; Zhang & Singh (2007) used the GumbelHougaard copula to derive trivariate distributions of flood peak, volume and duration; Kao & Govindaraju (2008) examined a non-Archimedean copula from the Plackett family, and applied it to the study of temporal distribution of extreme rainfall events; and Serinaldi et al. (2009) applied copulas to the probabilistic analysis of drought characteristics.
The main objective of this paper is to propose a new seasonal design flood method. A bivariate joint distribution which considers both the flood occurrence dates and flood magnitudes is established based on copula function. The Geheyan Reservoir is selected as case study in order to test the proposed method and compare it with the current seasonal design flood methods.
REVIEW OF SEASONAL DESIGN FLOOD METHODS
The issue of seasonal flood frequency analysis was identified by Creager et al. as early as 1951. The aim of the seasonal design flood is to determine the relationship between hydrograph and return period in each season. Two seasonal design flood methods are currently in use in China: one suggested by the Chinese design flood guidelines (MWR, 1993) , the other proposed by Singh et al. (2005) . These two methods are referred to in this study as the Chinese method and Singh's method, respectively, and a brief review of each method follows.
Chinese method
In the seasonal maximum (SM) flood series approach, the maximum peak discharge (or runoff volumes) of each season is extracted for each year of record. In the method used in China (MWR, 1993) , the seasonal T-year design flood is obtained by fitting a particular distribution, such as Pearson Type III (P-Ш) distribution. In this method, the annual maximum values, Y, can be described as:
where Y 1 , Y 2 ,. . ., Y s are the seasonal maximum flood series, and s is the number of sub-seasons. According to equation (1) and assuming independence, the extreme value distribution of the annual maximum flood series can be defined as:
where F T (y) is the distribution of the annual maximum flood series; F 1 (y), . . . , F S (y) are the distributions of seasonal maximum flood series (Waylen & Woo, 1982) . For a fixed value, y, equation (2) shows that F T (y) will always be less than or equal to the smallest value of F i (y) (i ¼ 1, 2,. . ., s), since each of the latter values must always be in the range [0, 1] . In other words, the annual frequency curve must always lie on or above the highest of the seasonal frequency curves when drawn on common probability paper, i.e. T-year seasonal design floods are always less than the annual design floods (Durrans et al., 2003) . The Chinese flood prevention standard is defined by the annual return period T, T ¼ 1/(1 -F T (y)), while the Chinese design flood guideline assumes that the seasonal design frequency is equal to the annual design frequency, namely MWR, 1993) . Assuming two sub-seasons, take the 100-year design flood for example. If F 1 (y) ¼ F 2 (y), i.e. in the case of identical distribution, equation (2) leads to F T (y) ¼ (F 1 (y)) 2 ¼ 0.98. The situation which satisfies the Chinese flood prevention standard is that the multiplication of the CDFs should reach the annual frequency of 0.99. This means that, when the seasonal design flood method is used, their combined frequency cannot reach the level of the annual flood prevention standard. If the combination frequency must reach the level, at least one of the seasonal frequencies must exceed the annual frequency. Therefore, the current Chinese seasonal design flood method cannot satisfy the flood prevention standard.
Singh's method
Annual maximum flood series are formed by extracting the annual maximum peak discharge (or runoff volumes) from each year of record. If n is the number of recorded years, and n i is the number of annual maxima that occur in the ith season, then n ¼ (n 1 + n 2 +. . .+ n s ) (Durrans et al., 2003) . This method can be described as follows: consider that the occurrence of a flood event B ¼ {Y > y} must be associated with one of the events {A i } (i ¼ 1, . . . , s), where {A i } represents the annual maximum flood that occurs in the ith season.
The exceedence probability P(y|A i ) of the seasonal design flood is defined as:
where P(y|A i ) is the exceedence probability that an annual maximum flood will occur in the ith season, with P(A i ) the probability of an annual maximum flood occurring in the ith season (i ¼ 1, . . . , s). This method has been described by Thomas et al. (1998) , who pointed out that its use is valid for both independent and dependent seasonal flood distributions. Singh et al. (2005) applied this method to estimate design flood from a non-identically distributed series and provided an estimation procedure for practical use.
The sum of the probabilities of seasonal design flood is given by:
Equation (4) is the total probability law and expresses the frequency distribution of the annual maximum flood as the sum of the frequency distribution of those annual maximum floods that are conditioned on the maxima occurring in the ith season with the probability weight P(A i ) (Singh et al., 2005) .
e. the annual maxima occurring in different seasons are identically distributed, the conditional frequency distributions P(y|A i ) (i ¼ 1, . . . , s) are free of A i ; then equation (4) leads to:
where P 0 (y) is a fixed frequency distribution indicating that the overall annual maxima are identically distributed. Equation (5) shows the validity of equation (4) which can satisfy the flood prevention standard (Singh et al., 2005) . The flood frequency distribution P(y|A i ) should be estimated from those observed values of the Y i flood series that are chosen as the annual maximum floods. For a drier season, there may be few or even no samples to be drawn. It is not accurate or reliable to use these data series for calculation. Equation (4) suffers in practice from the fact that n i for one season will usually be considerably smaller than n i for another season. Because of this, the reliability with which each conditional distribution in equation (4) may be estimated will vary from season to season. Furthermore, since n i for any season will always be less than or equal to n, this approach essentially limits the lengths of the record samples (Durrans et al., 2003) .
PROPOSED SEASONAL DESIGN FLOOD METHOD
The sampling methods, flood seasonality identification methods and the copula functions are introduced and discussed. The von Mises distribution is used to describe the flood occurrence dates, while the Pearson Type three (P-Ш) distribution and exponential (Ex) distribution are selected as marginal distributions for annual maximum flood series and peak-over-threshold samples, respectively. Finally, a new seasonal design flood method is proposed and described.
Sampling method
Sampling methods play an important role in flood frequency analysis. The annual maximum (AM), seasonal maximum (SM) and peaks-over-threshold (POT) sampling methods are used and compared in this study.
The POT sampling method is widely used in flood frequency analysis, because more information may be obtained compared to the AM or SM sampling methods. To guarantee the independence of the samples, the flood peaks are selected by two criteria suggested by the UK Institute of Hydrology (IH, 1999):
(a) Two peaks have to be separated by at least threetimes the average time to rise. The average time to rise is determined from the synthetic records as 2 days and is kept constant throughout the study; (b) The minimum discharge in the trough between two peaks has to be less than two-thirds of the discharge of the first of the two peaks.
Identification of seasonality
The whole flood season is usually divided into three sub-seasons, defined as the pre-flood season, the main flood season and the post-flood season (MWR, 1993; Ngo et al., 2007) . Several types of approach for detecting flood seasonality have been proposed. One is to segment the flood season in terms of climatological and river basin physiographic characteristics by analysing the rain-producing system (Black & Werritty, 1997; Singh et al., 2005) . The other is to segment the flood season by means of visual identification based on some measurements of flood seasonality. Ouarda et al. (1993) proposed two variations of a graphical method for identification of river flood season from peaks-overthreshold (POT) data. Cunderlik et al. (2004) used the relative frequency (RF) method and directional statistics (DS) method to identify the seasonality. The RF method is based on counting the number of events in each season, to allow comparison between records, expressing these counts as a percentage of the total number of events in each record (Black & Werritty, 1997; Cunderlik et al., 2004; Ouarda et al., 2006) . The DS method describes the seasonality by defining the mean day of flood (directional mean) and the flood variability measure. The DS, RF and POT methods were used and compared in this study.
Joint distribution based on copulas
Multivariate distribution construction using copulas was developed by Sklar (1959) , Nelsen (1999) and . Every joint distribution can be written in terms of a copula and its univariate marginal distributions. Copula is a function that links univariate marginal distribution functions to construct a multivariate distribution function.
Sklar's Theorem states that if F 1 , 2. . . , m (x 1 , x 2 , . . . , x m ) is a multivariate distribution function of m correlated random variables of X 1 , X 2 , . . . , X m , with respectively marginal distributions F 1 (x 1 ), F 2 (x 2 ), . . . , F m (x m ), it is possible to write an m-dimensional cdf with univariate marginals, F 1 (x 1 ), F 2 (x 2 ), . . . , F m (x m ), as follows:
Different families of copulas have been proposed and described by Nelsen (1999) and . Of all the copula families, the Archimedean family is more desirable for hydrological analyses, because it can be easily constructed and can be applied whether the correlation among the hydrological variables is positive or negative (Zhang & Singh, 2006) . A large variety of copulas belong to this family. Four one-parameter Archimedean copulas, including the Gumbel-Hougaard, Ali-Mikhai-Haq, Frank and Cook-Johnson copulas, have been applied in frequency analysis by Favre et al. (2004) , Zhang & Singh (2006) and .
Marginal distribution of flood occurrence dates
The flood occurrence dates can be described by the directional statistics (DS) method. First, the date should be converted to the angle of a circle by:
where L is the length of flood season; and D i is the flood occurrence date. The x and y coordinates of the flood dates described by the angles are determined by:
where n is the sample size. The mean direction of the circular data is estimated by θ (Otieno, 2002) :
A measure of the variability of the flood occurrences about the mean date is determined by defining the mean resultant vector as:
where r describes the dispersion measure (Black & Werritty, 1997) .
Since the distribution of dates is on a circle, rather than along a line, the use of the normal distribution is no longer appropriate. Therefore, the von Mises distribution is proposed and used to describe seasonal data with a single peak. Fisher (1993) termed the von Mises distribution as the "natural" analogue of the normal distribution for seasonal data with a single peak. It is the most commonly used and has some similar characteristics to the normal distribution (Mardia, 1972) . The probability density function of the von Mises distribution is given by:
It is symmetrical and unimodal, with a mean direction at μ and the dispersion given by a concentration The von Mises distribution can only be used for unimodal distribution. Since the annual maximum floods may be generated by different mechanisms, the flood occurrence data series often obey a multimodal distribution. Thus, a mixed von Mises distribution which can describe the multimodal character comprises a finite mixture of von Mises distributions. The probability density function for a mixture of N von Mises distributions (vM-pdf) takes the following form:
where p i is the mixing proportion, u i is the mean direction, and j i is the concentration parameter. Various methods can be used to estimate the 3N parameters on which the mixture of N vM-pdfs depends (Carta & Ramírez, 2007) . The least squares (LS) method is used in this study, in which the 3N unknown parameter values can be estimated by minimizing the sum of the squares of the deviations between the experimental data and calculated value (Carta et al., 2008) .
Marginal distribution of flood magnitudes
For the AM flood series, the P-III distribution has been recommended by MWR (1993) as a uniform procedure for flood frequency analysis in China. The probability density function of the P-Ш distribution is given by:
where α, β and δ are shape, scale and location parameters, respectively. The classical use of the POT sampling method comprises assumptions of a Poisson-distributed number of threshold exceedences and exponentially distributed (Ex) peak exceedences (Lang et al., 1999) . The probability density function of the Ex distribution is defined as:
where α 0 is a parameter of the Ex distribution.
The parameters of the P-III and Ex distributions are estimated by L-moments (Hosking & Wallis, 1997) .
Seasonal design flood estimation
The seasonal design flood is related to the flood dates, X, and magnitudes, Y, and follows a two-dimensional distribution, F(x, y). Assuming all floods occur during a whole flood season, the annual exceedence probability can be defined as:
where t is the last day of the flood season, q is a specific discharge value, F X (t) is the marginal distribution function of t, and F(t, q) is the joint distribution of the flood peak which occurs before date t, with a value less than or equal to the discharge, q, and can be described by:
where f X (x) is the marginal density function of variable x; f(x,y) is a two-dimensional density function; f Y (y|x) and F Y (y|x) are the conditional probability density and distribution functions of y; and x i represents a segmentation point. If s equals the number of subseasons, then the result of equation (18) is the same as that of equation (4). It is also seen from equation (18) that the seasonal design flood frequency curves are located below the annual one. If F X (x i-1 < x <x i ) is replaced with P(A i ), the exceedence probability for the seasonal design flood frequency P(q, A i ) is defined as:
where x i-1 and x i are the segmentation points. Equation (19) indicates that the seasonal design flood is related to bivariate joint distributions. The seasonal design flood frequency, P(q, A i ), can be described by the probability weight, P(A i ), and the conditional frequency distributions, P(y|A i ). Since the range of the P(y|A i ) is from 0 to 1, the value of P(q, A i ) is restricted within P(A i ).
CASE STUDY
As an illustrative example, the Geheyan Reservoir is selected. The Geheyan Reservoir is a key control and multi-purpose water resources engineering project in the Qingjiang basin, one of the main tributaries of the Yangtze River in China. The basin encompasses an area of 17 000 km 2 , with annual average rainfall of 1500 mm. The annual average discharge and runoff volume at the dam site are 393 m 3 /s and 12.4 km 3 , respectively. The flood season lasts for 5 months, from May to September. Since it is a multi-purpose reservoir, there is serious conflict between flood prevention and hydropower generation.
Identification of flood seasonality
Fifty-four years of discharge records were used to analyse seasonal design flood. For the POT sampling method, the threshold value with 3500 m 3 /s was selected, which corresponds to a mean of 2.57 exceedences per year.
In the Qingjiang basin, floods occur frequently in summer from June to early August, when the monsoon fronts advance from south to north, or in the autumn from late August to early October, when the fronts withdraw from north to south. Although both summer and autumn floods result from frontal rains, their hydrological characteristics are distinctly different because the intensity of the rain-producing system varies with each season (Singh et al., 2005) . The statistical analysis results of 10-day rainfall data are listed in Table 1 . It can be seen from Table 1 that most of the rainfall occurs from late June to mid July, whereas at other times of the flood season a relatively small amount of rainfall is received. The dominant trend is that flood events begin to increase from late June and decrease in late July. Therefore, these two periods might be the segmentation points.
The DS, RF and POT methods were used to describe the flood seasonality, and the results of these methods are listed in Table 2 . It can be seen that the RF method has the shortest main flood season, the dates of flood occurrences being clustered into ten days (21 June-20 July). Ouarda et al. (2006) pointed out that the seasonality method based on the peaksover-threshold (POT) approach leads to the best results. However, at the Qingjiang basin, the POT method gave the shortest main flood season (26 June-26 July), as shown in Table 2 . Compared with the POT method, the DS approach has a 5-day difference for each sub-season.
In order to ensure the safe flood control, the results of the DS method were chosen, since it has the longest main flood season, from 21 June to 31 July. The mean day of the flood (directional mean) is on 2 July. The flood occurrence dates sampled by the POT method were translated into location on the circumference of a circle using equation (7), as drawn in Fig. 1 . It can be seen from Fig. 1 that the flood events are mainly centred on the period 20 June-31 July, and the interval time of the adjacent flood events is obviously shorter in this period. In summary, the flood season of the Qingjiang basin can be divided into three sub-seasons: the preflood season, the main flood season and the post-flood season. Based on the analysis results described above, the pre-flood season is from 1 May to 20 June; the main flood season is from 21 June to 31 July and the post-flood season is from 1 August to 30 September.
Computation of empirical frequency
The empirical probabilities can be computed by the Gringorten plotting-position formula:
where P(j) is the cumulative frequency, the probability that a given value is less than the jth smallest observation in the data set of n observations. Observed joint probabilities are computed based on the same principle as in the case of a single variable. A two-dimensional table is first constructed in which the variables X and Y are arranged in ascending order. The joint cumulative frequency (nonexceedence joint probability) is then given by (Yue et al., 1999) :
where n m,l is the number of occurrences of the combinations of t m and q i .
Bivariate distribution
The joint distribution was established for the AM and POT samples respectively, and the estimated parameters of the marginal distribution and joint distribution were listed in Table 3 . Some statistical tests were used for marginal and joint distributions. A chisquared goodness-of-fit test was performed to test the assumption, H 0 , that the flood magnitude follows P-III distribution or Ex distribution. The KolmogorovSmirnov (K-S) test was used to test the assumption, H 0 , that the flood occurrence dates follow mixed von Mises distribution. The results shown in Table 4 indicate that these assumptions could not be rejected at the 5% significance level. The fitting frequency histograms of the flood occurrence date by the mixed von Mises distribution for POT sample series was drawn in Fig. 2 . The marginal distribution frequency curves of flood occurrence dates and magnitudes are shown in Fig. 3 , in which the line represents the theoretical distribution, and the crosses -the empirical probability of observations. Figure 3(a) and (b) indicates that all the theoretical distributions can fit the observed data reasonably well, although there are some uncertainties in the data set itself. Four widely used copulas, namely the GumbelHougaard, the Ali-Mikhail-Haq, the Frank and the Clayton were compared and discussed. The root mean square error (RMSE) and Akaike's information criterion (AIC) were used to identify the most appropriate copula distribution (Zhang & Singh, 2006) . The RMSE and AIC values for different copulas are listed in Table 5 . The best copula is the one which has the lowest RMSE and AIC values. It can be seen that the Frank and Clayton copulas fit the empirical joint probabilities better than the Gumbel-Hougaard or AliMikhail-Haq. No obvious difference exists between the Frank and the Clayton copulas. Moreover, the Frank copula has been used for frequency analysis by many authors (Grimaldi & Serinaldi, 2006; Serinaldi & Grimaldi, 2007) . Therefore, the Frank copula was selected in this study; it is expressed as:
By equations (6) and (22), the bivariate joint distribution H(x, y) of X and Y can be written as:
where parameter θ is related to Kendall's rank correlation coefficient τ between X and Y as:
The relationship between Kendall's τ and the parameter θ shows that, for the Frank copula, both the positive and negative dependence structure of bivariate data can be analysed. Once an estimateτ of τ is obtained, an estimate of θ can be calculated by equation (24). Generally,τ is calculated using the ranks of X and Y series (Nelsen, 1999; Genest & Favre, 2007) . The empirical joint probabilities of the combinations of flood occurrence dates and flood peak magnitudes were plotted against theoretical probabilities, as shown in Fig. 4 , in which the theoretical joint probabilities, F, of the real occurrence combinations of t m and y l were estimated by equation (22) . Figure 4 shows that no significant difference between empirical and theoretical joint probabilities can be detected.
It may be concluded that the proposed bivariate joint distribution is suitable to represent the flood occurrence dates and magnitudes at the Geheyan basin. The joint distribution of the AM flood series is shown in Fig. 5 .
Seasonal design flood estimation
The seasonal design floods in the pre-flood, main flood and post-flood sub-seasons are calculated by equation (19) . The curve fitting method was based on minimizing the sum of the squares of the deviations between the observed values obtained from a plotting position formula by equation (20) and theoretical values calculated by equation (19) for each subseason. Namely, the objective function is:
where N i is the number of the observed data in the ith sub-season; q j is the observed data in the ith subseason; and P(j) is the cumulative frequency calculated by equation (20). A quasi-Newton method was used to optimize the above objective function and the estimated parameters of von Mises distribution, and the seasonal design flood values for AM and POT samples are listed in Table 6 and 7, respectively. Figure 6 shows that the theoretical curve of seasonal design floods fits the observation data well.
The relationships between the seasonal and annual frequency curves are shown in Fig. 7 . The seasonal design flood frequency curves are rational, from the point of view that the seasonal frequency curves are lower than the annual design flood frequency curve. Furthermore, the relationships between the annual and seasonal design flood frequency curves must obey equations (4) or (18), which is also taken as a criterion to test the rationality of the seasonal design flood. A goodness-of-fit-test of observed and calculated data is shown in Fig. 8 , in which the line represents the annual theoretical probabilities derived by summing up the seasonal probabilities calculated by equations (18) and (19), and the crosses represent the empirical probabilities.
The 1000-year seasonal design floods were estimated by equation (19) and the results based on AM series are shown in Fig. 9 . This shows that a surface formed in a three-dimensional Cartesian coordinate system indicates that various combinations of seasonal design floods can be obtained for a given return period, T. With the increase in either or both of two seasonal design flood values, other design flood values will decrease.
Comparison of different methods
The seasonal design flood method currently used in China assumes that the design frequency in each subseason is identical. In accordance with this hypothesis, and the demand of satisfying the flood prevention standards, the seasonal design frequencies must obey the following rules: where P X , P Y , P Z are the design frequencies of the preflood season, main flood season and post-flood season, respectively. If the annual maximum flood series is used, then P ¼ 1/(3T). If the POT samples are used, the annual return period needs to be converted to the exceedence probability of the POT method, as follows (Rosbjerg, 1993) : 
The comparison of the annual maximum and seasonal design floods estimated by different methods is given in Table 7 , where the relative error describes the deviation between the annual design values and seasonal design values. The results in Table 7 imply that the seasonal design flood values based on the seasonal maximum series are underestimated in all sub-seasons. Since all of the seasonal design values are less than the annual ones, the seasonal design flood method currently used in China is unable to satisfy the flood prevention standards. For the seasonal design flood method suggested by Singh et al. (2005) The seasonal design floods calculated by the proposed method are also listed in Table 7 . These results indicate that the seasonal design flood values based on AM samples are much higher than the annual maximum design flood values in the main flood season. The design flood values in the other sub-seasons are less than their corresponding annual maximum values, but greater than those calculated by current seasonal design flood methods. The T-year design flood values calculated by the POT samples are also listed in Table 7 . It is shown that the seasonal design values of the POT samples in the main flood season exceed the T-year annual design values and are less than those in other sub-seasons. The results based on two sampling methods demonstrate that the seasonal design floods estimated by the proposed method are slightly greater than annual design floods in the main flood season and less than those in other flood sub-seasons. Furthermore, the seasonal design floods calculated by equations (19) and (26) can meet the flood prevention standards.
The design values of the POT samples are less than those of the AM flood series in the main flood season, whereas the values of POT series are larger than AM series in the pre-flood season. The reason for this is mainly that a discrepancy exists between the P-III distribution and Ex distribution. For example, 1000-year design values based on the POT and AM samples are 22 044 and 22 800 m 3 /s, respectively. Compared with the 24% flood occurrence probability for AM samples, it is about 30% for POT samples in the pre-flood season. No significant difference exists between the results of the POT and AM series in the post-flood season.
The design values of the 1-day maximum runoff volume, W 1d , the 3-day maximum runoff volume, W 3d , and the 7-day maximum runoff volume, W 7d were also calculated by the proposed method. Fig. 9 The 1000-year seasonal design flood peak discharges with different combinations.
marginal and joint distributions were estimated and are listed in Table 8 . The 1000-year, 200-year and 100-year design flood runoff volumes for each sub-season were calculated by equation (26) and are listed in Table 9 .
The seasonal FCWL is obtained by the flood hydrograph routing method based on the design flood hydrograph (DFH). One of the methods to derive the DFH is the typical flood hydrograph (TFH) method, which has been widely used by practitioners (for example, Nezhikhovsky, 1971; Yue et al., 2002) . The flood hydrograph with the highest peak or biggest volume is usually selected as a TFH. The DFH is constructed by multiplying each discharge ordinate of the TFH by an amplifier. The TFH of 1979 and 1998 were selected for the pre-flood season, the main flood season and the post-flood season, respectively. The peak and volume-amplitude (PVA) method was used to derive DFH (MWR, 1993; Xiao et al., 2009) The daily discharge data set from 1951 to 2004 was used to analyse and compare the benefit of the seasonal design FCWL with that obtained by the current scheme. Three representative years, wet year (1964), normal year (1985) and dry year (2001) were selected for the analysis. Annual electricity generation, spill release and flood water resources utilization at the Geheyan Reservoir were calculated and are listed in Table 10 . It can be seen that, compared with the current scheme, the annual electricity generation based on the proposed FCWL was increased by 1.87, 2.19 and 2.02% in the wet year, normal year and dry year respectively. The annual spill release was reduced. The flood water utilization rate was increased from 82.57 to 83.29% for the wet year, and from 95.70 to 98.05% for the dry year. Therefore, the proposed FCWL can increase energy output and flood water utilization rate. 
